A novel multi-degree-of-freedom electrothermal micromirror design that uses thermal inverted-series-connected (ISC) bimorph actuators is presented. The ISC bimorph actuators eliminate problems observed in previous designs that use single bimorph actuators. The micromirror can operate in one-dimensional (1D) piston-mode and two-dimensional (2D) tilt-mode. Analytical models for the piston-mode and tilt-mode actuations are shown and are compared to FEM simulation results. The device was fabricated using the AMI 1.5 µm CMOS (complimentary metal-oxide semiconductor) process followed by a post-CMOS micromachining process for device release. The displacement versus temperature of the micromirror was measured experimentally over a range of temperatures and compared to analytical and FEM simulation results. Experimental results showed that the micromirror displaced by 56 µm at an applied temperature 150 • C. The integrated polysilicon heaters were open-circuited during the post-CMOS microfabrication. The failure was caused by pinholes in the metal layers that allowed etchants to attack the polysilicon layer during post-CMOS microfabrication.
Introduction
Micromirrors with multiple degrees of freedom (MDOF) have many applications which include optical displays, optical switches, and imaging systems. MDOF micromirrors have been demonstrated to have either strictly two rotational DOFs (2D) [1] or both two rotational DOFs and one translational DOF (3D) [2] [3] [4] [5] [6] [7] . Such types of micromirrors have been designed using electrostatic, electromagnetic, piezoelectric, and electrothermal actuation mechanisms. Although any of the mentioned actuation mechanisms can be used, most previously reported MDOF micromirror designs have been based on electrostatic actuation.
Electrostatic designs can achieve fast scanning speeds and good performance repeatability with low power consumption, but often require high actuation voltages, large areas, and high cost fabrication methods. Much research has been dedicated to improving the limitations of electrostatic designs. A recent example of an electrostatic MDOF micromirror design was shown by Milanović et al [2] , where a static rotation angle of 10
• for an applied voltage of 80 V was achieved. In this design 3D actuation was achieved by using multiple hinge/comb drive structures to actuate a mirror plate.
Electromagnetic MDOF micromirror designs can be used to achieve rotation angles at lower applied voltages. Bernstein et al demonstrated a 2D micromirror design that used orthogonally positioned quadrupole magnetic actuators to rotate a mirror plate over two axes [1] . A static rotation angle of 10
• was achieved at only 62 mV, but the mechanical resonance frequency was an order of magnitude lower than those of typical electrostatic designs. Electromagnetic designs also require permanent magnets to be assembled below the micromirror which could be difficult to integrate with CMOS electronics. Furthermore, only 2D electromagnetic actuation has been demonstrated so far.
Piezoelectric MDOF micromirror designs have also been investigated. Tsaur et al demonstrated a 3D micromirror design that used constrained double layered PZT single bimorph actuators [3] . A rotation angle of 10
• was reported when operating the device at resonance using a voltage amplitude of 4 V. However, reasonable static rotation is difficult to achieve due to the mechanical constraints that exist at the connections of the beams to the mirror plate. Other difficulties associated with piezoelectric designs include hysteresis effects and exotic materials and methods needed for fabrication.
Electrothermal designs, on the other hand, can achieve large 3D actuation at low voltages. Most MDOF electrothermal micromirrors have utilized single thermal bimorphs as the actuation element. The problems encountered with using single thermal bimorphs are in principle the same as the problems associated with single piezoelectric bimorphs. We will define a single bimorph beam in the next section. Singh et al showed a similar design to that in [3] except that constrained thermal bimorphs were attached to four sides of a mirror plate, where a 10
• rotation angle was obtained at 10 V [4] . However, it is difficult to achieve large translational piston motion with such a design.
Alternative MDOF micromirror designs using electrothermal actuation have been shown by Jain et al [5, 6] . These designs used free-end (unconstrained) single bimorphs to allow for large displacement without mechanical constraints. The first design allowed for 2D actuation and was based on a bimorph/mirror attached inside and orthogonal to a bimorph/frame structure [5] . This design achieved rotation angle of 13.8
• at 10 V, but exhibited an initial tilt angle and a non-fixed reflection point (which leads to optical path shifting). The second design used compensated thermal bimorphs to eliminate the initial tilt angle problem and extended the mirror capability to 3D actuation where large piston motion was achieved [6] . This design still exhibited a non-fixed point of reflection.
It is evident from the above discussion that two fundamental problems exist in current MDOF micromirror designs that use single bimorph actuators. These include mechanical constraints for designs using constrained single bimorphs and non-fixed point of reflection for designs using free-end single bimorphs. Another problem with electrothermal bimorph designs is thermal coupling between actuators. The objective of this paper is to show a novel design concept of a 3D electrothermal micromirror that eliminates the problems associated with single bimorph actuators and reduces the thermal coupling between actuators. In the next section we will discuss the single bimorph problem in more depth, and show how inverted-series-connected (ISC) bimorph actuators can be implemented to eliminate these problems. The ISC bimorph actuator design is presented in section 3. The modelling and simulation are described in section 4. The fabrication and experimental results are given in section 5.
Actuation principle
As was mentioned previously, most piezoelectric and electrothermal MDOF micromirror designs have used single Typically the material layers of a thermal bimorph actuator are composed of one material with a high CTE (such as a metal like Al) and another material with a low CTE (such as a dielectric like SiO 2 ). A thermal bimorph is usually actuated by applying a voltage to an electrical resistor that is either embedded in the bimorph or externally attached to the fixed end of a bimorph. The electrical resistor dissipates power and generates Joule heat, causing the bimorph temperature to rise, which induces a strain change in the bimorph materials and causes the bimorph to deflect as shown in figure 1 . Figure 1 demonstrates that a temperature change causes the tip of a single bimorph to translate in two directions and rotate in one direction. This multi-dimensional motion at the tip of the bimorph results in problems associated with MDOF micromirror designs. MDOF micromirrors that use constrained single bimorphs exhibit limited displacement because the attachment of the single bimorph to the mirror plate prevents the bimorph from displacing to its unconstrained potential. MDOF micromirrors that use free-end single bimorph actuators do not have the mechanical constraint limitation, but exhibit a non-fixed point of reflection due to the out-of-plane actuation of the single bimorphs. Therefore it would be beneficial to replace single bimorph actuators by actuators that move purely in one direction to eliminate the described problems.
The multi-dimensional motion of single bimorph actuators can be eliminated by using inverted-series-connected (ISC) bimorph actuators [7] . The ISC bimorph actuator consists of two S-shape bimorph sections attached end-to-end such that both S-shape sections point in opposite directions, as shown in figure 2 . An individual S-shape section consists of two single bimorph sections attached in series where one section has a high-CTE metal (Al) top layer and a low-CTE dielectric (SiO 2 ) bottom layer, and the adjacent section has opposite layer composition. This alternating construction of the material layers and the double S-shape construction allows each adjacent single bimorph section to have equal and opposite curvature upon actuation so that the entire beam deforms with no rotation angle and displaces purely in one direction at the tip. e.g. point A in figure 2 moves in both x and z directions. However, the lateral shifts of S 1 and S 2 offset each other, resulting in a pure z-displacement at point B.
The ISC bimorph has been used in other types of devices reported in the literature. Ervin and Brei demonstrated the operation and modelling of macroscale piezoelectric ISC bimorphs [8] . Oz and Fedder reported a thermal ISC bimorph used for lateral motion in an RF MEMS device [9] . Lim et al showed a thermal ISC bimorph that was used in a MEMS IR detector [10] . In the next section we will present a 3D electrothermal micromirror design that uses thermal ISC bimorph actuators.
Design and operation
The 3D electrothermal micromirror design is composed of four main components which include the heaters, the ISC bimorph actuators, the mirror connections, and the mirror plate as shown in figure 3 . The mirror plate is 500 µm × 500 µm in area and is composed of an Al reflective surface, an SiO 2 middle layer, and a 40 µm thick bottom layer single crystal silicon membrane which ensures mirror flatness. The measured radius of curvature of a 40 µm thick mirror plate is about 0.5 m (using Vyko). A larger mirror area can steer a larger light beam, which yields higher imaging resolution, but the increased mass of a larger mirror area reduces the mechanical resonance frequency of the mirror. The geometry of the mirror area was designed to accommodate this trade-off. The heaters are each composed of a serpentine polysilicon resistor embedded in ten SiO 2 beams with each beam having a length and width of 40 and 8 µm respectively. The base of each heater is attached to the bulk substrate. The ISC bimorphs are composed of alternating layers of Al and SiO 2 with each single bimorph section having a length and width of 100 and 10 µm respectively. The mirror connections are composed of 11 SiO 2 beams each having a length and width of 20 and 8 µm respectively.
The heaters are composed of low thermal conductivity materials to maximize the temperature change for a given input power. The heater dimensions were chosen to generate temperatures in the range 25-300
• C for voltages in the range 0-10 V. Each ISC bimorph is attached between the end of a heater and the base of a mirror connection. The ISC bimorph dimensions were designed to efficiently use most of the area around the mirror and produce mechanical resonance frequencies of the order of 1 kHz. The thermal resistance of a mirror connection is designed to be very high so that only a minimum amount of heat flows from the ISC bimorphs through the mirror connections upon actuation.
The mirror connection dimensions were chosen such that the thermal resistance of the mirror connections was approximately an order of magnitude higher than the thermal resistance of the heaters. The high thermal resistance of the mirror connections allows for an approximately uniform temperature to exist across the ISC bimorphs as well as a minimum amount of thermal coupling between heaters. The uniform temperature across the ISC bimorph is needed to provide equal curvature changes to the single bimorph sections that comprise the ISC bimorph. The minimization of heat flow between the ISC bimorphs to the mirror plate also reduces the thermal coupling between heaters, which improves linear performance. Figure 4 demonstrates the operation of the micromirror. After the device is released, residual stress in the ISC bimorph material layers causes the mirror plate to elevate upwards, as shown in figure 4(a) . The released micromirror can function in two operation modes: piston-mode actuation and tilt-mode actuation. Piston-mode actuation is achieved by applying an equal voltage (V P ) to all heaters. In piston-mode actuation all of the heaters create an equal temperature change, which results in an equal displacement of all actuators, and a pure downward displacement of the mirror plate, as shown in figure 4(b) .
Tilt-mode actuation is achieved when all heaters are given a piston-mode voltage (V P ) and two heaters on opposite sides of the mirror plate are given equal and opposite tilt-mode voltages (±V T ) in addition to the piston-mode voltage, as shown in figure 4(c) . The increase in voltage applied to one heater causes its temperature to increase and the decrease in voltage applied to the heater on the opposite side causes its temperature to decrease. If the heaters are operated in the linear temperature versus voltage range as described in [11] , the heaters on both sides of the mirror plate will increase and decrease in temperature by equal amounts. This causes the ISC bimorphs to displace by equal and opposite amounts on both sides of the mirror plate, resulting in a rotation of the mirror plate without a shift in the point of reflection. In the next section we will show analytical models for piston-mode and tilt-mode actuation.
Modelling and simulation
To model the electrothermomechanical behaviour of the micromirror we need to model both the temperature rise of a heater due to an input voltage and the deflection of an ISC bimorph due to a temperature rise of the heater. Since the ISC bimorph is connected to the end of the heater we need to know what the temperature is at that point. Assuming that negligible heat is lost to convection and radiation and that a negligible amount of heat flows from the ISC into the mirror plate, the temperature of the ISC bimorph will be uniform about its length and equal to the temperature at the end of the heater. Furthermore, using the assumption that convection and radiation are negligible, the maximum temperature will exist at the end of the heater and throughout the ISC bimorph. Using these assumptions, the maximum temperature change at the end of the heater due to an input voltage can be expressed as [11] T (V ) = 3 4ξ
where ξ is the thermal coefficient of electrical resistance (TCR) of the electrical resistor, R 0 is the initial total electrical resistance at the ambient temperature, and R TA is the conduction thermal resistance of the heater given by R TA = L h /κw h t h , where L h is the length of the heater, κ is the average thermal conductivity of the heater, w h is the sum of the beam widths of the heater, and t h is the total thickness of the heater. This model can be easily extended to include convection as was shown in [11] , but the presence of convection is ignored in the present model to keep the model simple for demonstration purposes. The temperature change at the end of the heater is approximately linear with voltage for voltages greater than half the critical voltage shown as [11] T
where V C is the critical voltage given by V C = √ 3R 0 /ξ R TA . This linear relationship is essential for proper performance of the tilt-mode actuation of the device.
The vertical tip displacement of the ISC bimorph can be obtained by analysing the geometric representation shown in figure 5 . Since the curvature and dimensions of all the single bimorphs that comprise the ISC bimorph are equal, the tip displacement of the ISC bimorph is simply four times the displacement of a single bimorph section. Assuming that the arc angle, φ, of a single bimorph section is small enough to make a second-order approximation of cosine, it can be shown that the ISC bimorph tip displacement is given by [12] where L b is the length of a single bimorph section, t b is the total thickness of the bimorph, α T is the difference of the CTEs of the material layers, and β ρ is a parameter called the curvature coefficient. The curvature coefficient is a unit-less parameter that varies from 0 to 1.5 and depends on the relative layer thicknesses and elastic moduli. Note that equation (3) represents the displacement of an unloaded bimorph actuator. For piston-mode actuation, the displacement of the mirror plate in response to an applied voltage can be found by simply multiplying equations (1) and (3), which yields
As was mentioned previously, tilt-mode actuation requires that a common piston-mode voltage of V P be applied to all heaters. Tilt-mode actuation also requires that the heaters are operated in the linear temperature versus voltage range such that the common piston-mode voltage is greater than half the critical voltage (i.e., V P V C /2). This requirement enables heaters on opposite sides of the mirror plate to increase and decrease in temperature equally when additional tilt-mode voltages of ±V T are added to the piston-mode voltage of each heater. The equal and opposite temperature change of the heaters causes the oppositely positioned ISC bimorphs to deflect by equal and opposite amounts. This deflection of the ISC bimorphs rotates the mirror plate while keeping the centre of the mirror surface fixed in space (as shown in figure 6 ). Thus the reflection point of the mirror stays fixed in space and the optical path of a light beam reflected off of the centre of the mirror plate does not shift.
Assuming that the torsional stiffness of the ISC bimorphs positioned on the rotation axis is negligible and that the lateral and rotational stiffness of the oppositely positioned ISC bimorphs causing tilt motion is negligible, the tilt-mode rotation angle of the mirror plate can be found by analysing the geometry of figure 6 , and is given by
where L m is the length of the mirror plate plus the length of two mirror connections. Assuming that θ T is small enough to make a first-order approximation of sine, the rotation angle of the mirror plate in response to a tilt-mode voltage is given by Thus the micromirror can be linearly actuated in both piston-mode and tilt-mode when operated in a certain range. The models described above were based on the assumptions that convection is negligible, heat flow from the actuators to the mirror plate is negligible, the torsional stiffness of the actuators along the rotation axis is negligible, and that the lateral and rotational stiffness of the oppositely positioned ISC bimorphs causing tilt motion is negligible. In practice, these assumptions might not be representative of the true behaviour of the micromirror.
Electrothermomechanical and mechanical mode FEM simulations were conducted using Coventorware [13] to model these effects on the behaviour of the mirror. A convection coefficient of 30 W K −1 m −2 was applied on the surface of the device in the FEM simulations. In practice the convection coefficient on the device is difficult to predict without experimental data, so the convection coefficient used in simulation was arbitrarily chosen to be reasonably close to free convection values reported in literature [14] . The material properties of the device used in modelling are shown in table 1. Most material properties were found from published data. The polysilicon TCR was set to 5.85 × 10 −3 K −1 , which was experimentally measured from a previous device [11] .
Analytical model and FEM simulation results for pistonmode and tilt-mode actuation are compared in figures 7(a) and (b). The analytical model and FEM simulation showed displacements of 106 and 103 µm respectively for 7 V. the critical voltage is shown in figure 7(a) . The voltage of 5 V is marked in figure 7 (a) to show the common piston-mode voltage to be used in the tilt-mode analysis.
The tilt-mode simulation was conducted using a common piston-mode voltage of 5 V and tilt-mode voltages in the range of ±2 V. This means that all heaters are given a voltage of 5 V and heaters on opposite sides of the mirror plate are given additional voltages in the range of ±2 V. For example, if the tilt-mode voltage applied is ±0.5 V, then the total voltages on heaters on opposite sides of the mirror plate are 5.5 and 4.5 V respectively. Since the device is being operated in the linear temperature versus voltage range, the equal and opposite voltage changes cause equal and opposite temperature and displacement changes. Both the analytical and FEM simulation results for tilt-mode actuation are shown in figure 7(b) . The analytical model and FEM simulation showed rotation angles of ±7.7
• and ±3
• respectively for ±2 V. Notice that the FEM simulation predicts a significantly lower rotation angle compared to the analytical prediction. This could be due to the torsional stiffness of the ISC bimorphs along the rotation axis, thermal coupling between heaters, and lateral and rotational stiffness of the oppositely positioned ISC bimorphs causing tilt motion. The attenuation of the rotation angle due to the torsional stiffness and thermal coupling between heaters could be mitigated if the width of the mirror connections was made shorter. A shorter mirror connection width would reduce the torque applied to actuators along the rotation axis and increase the thermal resistance of the mirror connections. This is a simple design change that could be implemented in future designs to increase the rotation angle in tilt-mode actuation. Figure 8 shows an image of the tilt-mode FEM simulation at ±2 V. FEM simulations showed that the piston-mode and tiltmode mechanical resonance frequencies were 1.6 and 3.1 kHz respectively.
Fabrication and results
The device was fabricated using the AMI 1.5 µm two-metal conformal CMOS process through MOSIS [15] followed by a post-CMOS micromachining process for device release. The conformal deposition of the process is utilized to provide the alternating layer construction of the ISC bimorphs. The post-CMOS micromachining process (shown in figure 9) • C. Figure 10 shows an SEM photograph of a released device.
The device was released successfully using the post-CMOS micromachining process; however, the electrical connections to the heaters were lost during the post-CMOS micromachining process. Ideally, a conformal CMOS process with one metal layer and a different material (such as photoresist) for protection of the heater and mirror connections should be used. Unfortunately it was difficult to find a CMOS foundry process that was ideal for the device fabrication because of the limited flexibility of the available standard processes. Thus the AMI 1.5 µm process was used because it provided most of the needed fabrication steps, but we had to
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Device after CMOS Fabrication
Step 4: SiO 2 RIE
Step 5: Si DRIE
Step 6: Isotropic Si Etch
Si Under Mirror Released Device
Step 1: Backside Si DRIE
Step 2: Partial SiO 2 RIE
Step 3: Partial Al Wet Etch Al Polysilicon SiO 2 Si Figure 9 . Diagram of the post-CMOS micromachining process. compromise by using Al as both the structural material of the ISC bimorphs (metal 1) and the protection layer of the heaters and mirror connections (metal 2). Pinholes with diameter of ∼0.5 µm (shown in figure 11 ) were already observed in the metal 2 layer before the wet etching in step 3. The Al wet etch in step 3 greatly enlarged the pinholes already existing in the metal 2 layer. The SEM pictures in figures 12(a) and (b) show that the pinholes in the metal 2 layer were roughly 1-2 µm in diameter after post-CMOS processing. These pinholes were transferred to the SiO 2 layer underneath metal 2 during step 4 and then to the polysilicon during step 5, resulting in the breakdown of the polysilicon in the heaters. Since the electrical connections were lost to the heaters, no electrical characterization data have been collected on the device.
However, piston-mode displacement was experimentally measured in a temperature range 21-150
• C. This experiment was conducted by placing the device on a thin-film heater and observing the surface of the device under an optical microscope. The initial elevation of the mirror surface with reference to the substrate plane was measured at the ambient temperature (21 • C) using the micron-scaled focus of the microscope. Subsequently voltages were applied to the heater to change the temperature of the device and displace the mirror surface. At a given heater voltage the temperature of the device was measured using a thermocouple and the new elevation of the mirror surface over the substrate plane was measured. The difference between the initial and actuated elevations of the mirror surface over the substrate plane yielded the displacement for a given temperature change.
Although no electrical characterization data are present, the proper piston-mode actuation of the device was verified by this experiment. The experimental results showed a displacement of 56 µm for a temperature change of 129
• C (total temperature of 150
• C). The optical microscope resolution limited the accuracy of experimental displacement measurements to approximately ±3 µm. Figure 13 shows a comparison of the experimental, analytical, and FEM simulation results for thermomechanical piston-mode actuation.
Conclusion
A novel 3D electrothermal micromirror design concept has been described. The design eliminates the problems associated with previous electrothermal designs by replacing single bimorph actuators with inverted-series-connected bimorph actuators. Analytical models and FEM simulations showed that the device can be linearly actuated with respect to applied voltage in both piston-mode and tilt-mode. The device was fabricated using the AMI 1.5 µm CMOS process followed by a post-CMOS micromachining process for device release. The device was successfully released to produce an initial elevation of 84 µm at 21
• C, but the electrical connection to the polysilicon heaters was lost in the post-CMOS micromachining process. The electrical connection loss was due to the presence of pinholes in the metal layer that allowed etchants to attack the polysilicon. Thermomechanical pistonmode actuation was verified experimentally by measuring the displacement of the mirror surface over a range of temperatures. Future work includes determining an alternate fabrication method and/or design that eliminates the problems associated with pinholes. The feasibility of using a non-CMOS foundry process will also be investigated.
